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Abstract 
 
 The vibrational spectra of natural augelite (Al2(OH)3(PO4)) including the 
infrared at 298 K and Raman spectra at 298 and 77 K have been obtained and related 
to the crystallography of the mineral. Bands are identified in terms of the fundamental 
vibrating units namely PO4, Al2OH and Al3OH. The use of infrared and Raman OH 
stretching wavenumbers using a Libowitzky type function enabled hydrogen bond 
distances of 2.96, 2.84 and 2.72 Å to be estimated.  The hydrogen bonds formed by 
the Al2OH units are weaker than that of the Al3OH units. 
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1. Introduction 
 
 The phosphates of copper are many and varied but of the other divalent 
cations such as zinc, the phosphates are quite rare. In contrast the phosphates of the 
trivalent cations such as Al3+ and Fe3+ are many and varied.  The structure of augelite 
was first determined by Araki et al. [1].  The building blocks in augelite are 
tetranuclear entities formed by symmetry correlated pairs of condensed octahedra 
AlO6 and trigonal bipyramids AlO5 which are linked by phosphate groups [1].  This 
paper does not mention hydrogen bonds but from the data given two independent  
O-H…O distances can be estimated.  More recent work gave two O-D…O distances for 
synthetic augelite-d3 [2].  Huminicki and Hawthorne discuss the crystal chemistry of 
the phosphate minerals and list some 121 different phosphate minerals of these two 
elements [3].  Great variation in the structure of the phosphate minerals occurs [3]. 
The primary fundamental characteristic of a mineral is its crystal structure which 
defines the identities, amounts and arrangements of atoms that comprise the crystal. 
The secondary fundamental characteristic is the vibrational spectra of the mineral 
which depends on the primary fundamental. Such spectra define the molecular as 
compared to the crystal structure of the mineral.  Huminicki and Hawthorne proposed 
a structural hierarchy for phosphates [3].  This structural hierarchy is an arrangement 
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of crystal structures that reflect systematic changes in the character of the chemical 
bonds.  Hawthorne proposed that structures be classified according to the 
polymerisation of those cation coordination polyhedra with higher bond valencies. 
The mineral berlinite (AlPO4) is a framework structure topologically identical to that 
of quartz with the space group P3121.  The mineral augelite [Al2(PO4)(OH)3] contains 
Al in both the octahedral and trigonal-bipyramidal coordinations.  The structure in the 
b-direction linked by chains of phosphate and AlO5 groups. Augelite has space group 
C2/m with Z = 4. In comparison wavellite {[Al3(PO4)2(OH)3(H2O)4](H2O)}is an open 
framework of corner sharing octahedra and tetrahedra with interstitial water groups 
held in the interstices by hydrogen bonds.   
 
Interestingly Farmer in his book on the infrared spectra of minerals divided the 
vibrational spectra of phosphates according to the presence, or absence of water and 
hydroxyl units in the minerals [4].   In aqueous systems, Raman spectra of phosphate 
oxyanions show a symmetric stretching mode (ν1) at 938 cm-1, the antisymmetric 
stretching mode (ν3) at 1017 cm-1, the symmetric bending mode (ν2) at 420 cm-1 and 
the ν4 mode at 567 cm-1 [5-7].  Farmer reported the infrared spectra of berlinite 
(AlPO4) with PO4 stretching modes at 1263, 1171, 1130 and 1114 cm-1; bending 
modes at 511, 480, 451, 379 and 605 cm-1.  Al-O modes were found at 750, 705, 698 
and 648 cm-1.  On hydration of the mineral as with variscite (AlPO4.2H2O), PO4 
stretching modes were found at 1160, 1075, 1050 and 938 cm-1; bending modes at 
515, 450 and 420 cm-1; in addition H2O stretching bands were found at 3588, 3110, 
2945 cm-1.  For the mineral augelite (AlPO4(OH)3), infrared bands were observed at 
930 (ν1), 438 (ν2), 1205, 1155, 1079, 1015 (ν3) and 615, 556 cm-1 (ν4). For augelite, 
OH stretching modes were not observed.  Few Raman studies of any of these natural 
phosphate minerals have been published.  In this work we report the Raman at 298 K 
and 77 K and the infrared spectra of selected aluminium phosphate minerals and 
relate the vibrational spectra to the mineral structure.  
 
2. Experimental 
2.1 Minerals 
 
The minerals used in this study were obtained from the collection of Museum 
Victoria. The minerals were analysed for phase purity by X-ray diffraction 
techniques. Electron probe microscopy showed some Fe3+ present in the sample.  The 
augelite Al2PO4(OH)3 originated from Big Fish River Area, Yukon Territory, Canada. 
 
2.2 Raman microprobe spectroscopy 
 
The crystals of augelite were placed and orientated on the stage of an Olympus 
BHSM microscope, equipped with 10x and 50x objectives and part of a Renishaw 
1000 Raman microscope system. Details of the technique have been published by the 
authors [5, 8-12].  
 
2.3 Infrared spectroscopy 
 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer 
with a smart endurance single bounce diamond ATR cell. Spectra in the region 
4000−525 cm-1 were obtained by the co-addition of 64 scans with a resolution of 4 
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cm-1 and a mirror velocity of 0.6329 cm/s.  
 
Spectracalc software package GRAMS. Band component analysis was 
undertaken using the Jandel ‘Peakfit’ software package, which enabled the type of 
fitting function to be selected and allows specific parameters to be fixed or varied 
accordingly. Band fitting was done using a Gauss-Lorentz cross-product function with 
the minimum number of component bands used for the fitting process. The Gauss-
Lorentz ratio was maintained at values greater than 0.7 and fitting was undertaken 
until reproducible results were obtained with squared regression coefficient of R2 
greater than 0.995. 
 
 
3. Results and discussion 
 
 Augelites contain aluminium in octahedral and trigonal bipyramidal 
coordinations with two µ2- and µ3-OH groups bridging two or three aluminium 
centres, respectively [3]. The PO4 units link the layers of octahedra and bipyramids 
[3].  A group analysis of augelite has been forthcoming [2]. Breitinger et al. described 
the vibrations of the primitive unit cell (Z’=2) classify into the symmetry species of 
C2h-2/m as Γ=22Ag + 17 Bg +15Au +21 Bu.  The number of formulae units in the C-
centred cell is 4. This means that there should be one active (OH) mode in both the 
Raman (Ag) and in the infrared (Bu).  The µ2-OH contributes one νOH to each of the 
four species.  The OH units of the µ3-OH units can provide deformation modes (Ag 
+Bu).  The degeneracy of the phosphate modes is removed in augelite.  
 
 The Raman spectra at 298 and 77 K and infrared spectrum of augelite in the 
800 to 1300 cm-1 region are shown in Figure1.  The results of the band component 
analyses are reported in Table 1.   In the Raman spectrum an intense band is observed 
at 1108 cm-1 at 298K and 1100 cm-1 at 77K. The bands are very sharp with band 
widths of 7.0 (298 K) and 5.3 cm-1(77 K). This band is assigned to the ν1 symmetric 
stretching mode. Breitinger et al. assigned a band at 1108 cm-1 for synthetic augelites 
to this mode.  The position is in sharp contrast to the value of 930 cm-1 published by 
Farmer [4].  In the infrared spectrum the band at 1070 cm-1 is assigned to this mode.   
In the infrared spectrum bands of augelite are observed at 1204, 1171, 1142, 1102, 
1070 and 1016 cm-1. The position of these bands may be compared with those 
reported by Farmer. Bands were given as 1205, 1155, 1079 and 1015 cm-1.  The three 
higher wavenumber bands (1204, 1171, 1142 cm-1) are attributed to the ν3 
antisymmetric PO4 stretching vibrations.  An intense band is observed at 1160 with a 
resolved component band at 1136 cm-1 which may be attributed to these vibrational 
modes.  In the Raman spectrum at 77 K, three bands are observed at 1180, 1169 and 
1130 cm-1 and correspond to the ν3 infrared bands.   
 
A weak Raman band is observed at 1058 cm-1 in the 298 K spectrum which splits into 
two bands at 1067 and 1058 cm-1 in the 77 K spectrum. Breitinger et al. assigned this 
band to Al2OH deformation modes [2].  In the inelastic neutron scattering spectra of 
Breitinger et al. an intense band was observed at 1013 cm-1 and was attributed to this 
mode. In the infrared spectrum (Figure 1) an intense broad band at 1009 cm-1 is 
observed and is attributed to the Al2OH deformation mode.  In the infrared spectrum 
intense bands are observed at 928 and 893 cm-1 and are assigned to the deformation 
modes of the Al3OH units. The bands are of very low intensity in the Raman spectrum 
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and are observed at 916, 895 and 858 cm-1.  The bands are observed at 912, 901 and 
855 cm-1 in the Raman spectrum at 77 K.   Breitinger reported low intensity bands for 
synthetic augelite at 750 and 530 cm-1 which were assigned to the ν(Al(O/OH)n) 
modes. Two low intensity bands are observed in the 298 K Raman spectrum of 
natural augelite at 740 and 718 cm-1. In the 77 K spectrum only a single band at 754 
cm-1 is observed.  A band of strong intensity is observed at 524 with a component 
band at 552 cm-1 which is attributed to the ν(Al(O/OH)n) modes.  The bands are 
observed at 579 and 527 cm-1 in the 77 K spectrum.   
 
In the Raman spectrum at 298 K an intense band is observed at 635 cm-1 with 
component bands at 643 and 615 cm-1 (Figure 2). The bands are assigned to the ν4 
PO4 mode.  In the Raman spectrum of augelite at 77 K two bands are observed at 643 
and 635 cm-1. In the infrared spectrum the band at 645 cm-1 is assigned to this ν4 PO4 
bending mode.  In the Raman spectrum at 298 K bands are observed at 467, 439, 419 
and 407 cm-1.  In the Raman spectrum at 77 K bands are observed at 465, 442, 426 
and 403 cm-1.  These bands are attributed to the ν2 bending modes of the PO4 units.  
Two reasonably intense bands are observed at 220 and 225 cm-1 (298 K) and at 228 
and 233 cm-1 (77 K).  Other low intensity bands may be ascribed to lattice vibrations. 
 
The infrared and Raman spectra of the hydroxyl stretching region of augelite 
are shown in Figure 3.  There are two crystallographic independent hydrogen bonds in 
augelite [1] and two of the expected three ν(OH) bands are generated by correlation 
splitting in the symmetry correlated pairs of the OH groups in general positions. In the 
infrared spectrum strong bands are observed at 3538, 3453 and 3326 cm-1.  Breitinger 
et al. reported three infrared bands at 3511, 3449 and 3392 cm-1 for arseno-augelite 
[2].   Farmer did not report the OH stretching vibrations of augelite [4].  The two 
higher wavenumber bands are assigned to the OH stretching vibrations of the Al2OH 
units and the last band to the Al3OH units.  In the 298 K Raman spectrum two intense 
bands are observed at 3547 and 3468 cm-1.  The Raman spectrum of the hydroxyl 
stretching region is very different at 77 K. Two sets of bands are observed: firstly the 
bands at 3536, 3524, 3490 and 3479 cm-1 and secondly the bands at 3391 and 3376 
cm-1.  There are two effects being observed. Firstly the separation of the ν(OH) modes 
in the Al2OH and Al3OH groups and secondly the satellite bands caused by the 
substitution of Al by Fe in these groups. It is apparent that the bands at 3547 cm-1 in 
the 298 K spectrum are split into two bands at 3537 and 3524 cm-1. The broad feature 
at ~3550 cm-1 in the 298 K spectrum is band separated into two bands at 3490 and 
3479 cm-1.  The band at 3468 cm-1 is resolved into three components at 3449, 3391 
and 3376 cm-1. It is suggested that the three higher wavenumber bands are associated 
with Al2OH units and the two lower wavenumber bands at 3391 and 3376 cm-1 are 
associated with Al3OH units.  Raman spectroscopy is apparently distinguishing 
between Al2OH and Al3OH units.  The low intensity satellite bands in the 77 K 
spectrum of augelite may result from the substitution of Al by Fe. Such phenomena 
has been observed for the wardite/cyrilovite mineral system [13].  In this case the 
possible OH stretching vibrations can be caused by Al-AlOH, Fe-AlOH and Fe-
FeOH. Normally the FeOH bands occur at lower wavenumbers than the AlOH bands. 
Hence one possible attribution of the two sets of bands is the bands at 3536, 3524 and 
3391 may be ascribed to the Al-AlOH units and the second set of bands at 3490, 3479 
and 3376 cm-1 to the Fe-AlOH units (providing the degree of substitution of Al by Fe 
is low).   
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Studies have shown a strong correlation between OH stretching frequencies 
and both O…O bond distances and H…O hydrogen bond distances [14-17].  
Libowitzky (1999) based upon the hydroxyl stretching frequencies as determined by 
infrared spectroscopy, showed that a regression function can be employed relating the 
above correlations with regression coefficients better than 0.96 [18].  The function is 
ν1 = 3592-304x109exp(-d(O-O)/0.1321) cm-1.   By using the values for the infrared 
OH stretching vibrations estimates of the hydrogen bond distances in augelite.  The 
three wavenumbers 3538, 3453 and 3256 cm-1 give hydrogen bond distances of 2.966, 
2.840 and 2.724 Å respectively.  By using the values from the 77 K Raman spectrum 
(3536, 3524, 3490, 3479, 3391, 3376 cm-1) hydrogen bond distances at 77 K of 2.96, 
2.93, 2.88, 2.86, 2.79 and 2.78 Å are obtained. These values suggest a range of 
hydrogen bond distances for the Al2OH units. The hydrogen bond distances because 
of the high values suggest that these hydrogen bonds are weak. On the other hand, the 
hydrogen bonds of the Al3OH units are relatively stronger. The hydrogen bond 
distances are shorter.  
 
The crystal structure of augelite is unusual [1].  Araki et al. describe two 
different types of coordination polyhedra of Al atoms with Al(1) octahedrally 
coordinated with four OH groups and two O atoms and the second Al(2) surrounded 
by five neighbours, two O atoms and one planar OH group and two other OH groups 
perpendicular to the plane. The cation-anion distances ranged from 1.826 to 1.983 Å 
for Al(1) and 1.750 to 2.054 Å for Al(2). Araki et al point out the unusual structure of 
augelite and relate the structure to that of andalusite and lazulite.  By using the data of 
Araki et al. hydrogen bond distances may be estimated.  The hydrogen bond distances 
are long and are estimated to be between 2.75 and 3.05 Å.  Two independent 
hydrogen bond distances are identified with estimates of 2.8 and 3.0 Å. The values are 
longer than that predicted by infrared spectroscopy. 
 
4. Conclusions 
 
 The infrared and Raman spectrum at 298 and 77 K of natural augelite have 
been obtained and the spectra interpreted in terms of the structure of the mineral.  The 
vibrational spectra are related to the factor group analysis of the unit cell of the 
augelite.  The use of infrared and Raman OH stretching wavenumbers enabled 
hydrogen bond distances of 2.9658, 2.8409 and 2.7243 Å to be estimated.   
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Table 1 augelite 
 
IR  298K Raman  
77K 
Raman  
Centre Area Centre Area Centre Area 
3646 0.004         
3604 0.022         
3550 0.036 3547 0.275     
3538 0.111     3537 0.078 
        3524 0.313 
          
        3490 0.028 
        3479 0.130 
3469 0.029 3468 0.107     
3453 0.435     3449 0.009 
        3391 0.099 
        3376 0.239 
3326 0.093         
        3091 0.042 
3068 0.072         
2845 0.034         
2637 0.005         
1787 0.003         
1633 0.009     1736 0.013 
    1598 0.015     
        1541 0.010 
        1479 0.046 
        1426 0.004 
    1355 0.007     
1315 0.001         
1270 0.001         
1204 0.043         
        1180 0.016 
1171 0.031     1169 0.012 
    1160 0.071     
1142 0.094         
    1136 0.013 1130 0.053 
1102 0.043 1108 0.143 1100 0.124 
    1089 0.037 1086 0.028 
1070 0.050     1067 0.004 
    1058 0.001 1058 0.001 
        1049 0.014 
1016 0.002         
1009 0.185 1006 0.004 1009 0.008 
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1000 0.006         
928 0.145         
     916  0.001 912 0.004 
893 0.019 895 0.009 901 0.007 
    858 0.035 855 0.079 
830 0.068         
786 0.019         
        754 0.005 
    740 0.009     
714 0.038 718 0.007     
        683 0.003 
645 0.092 643 0.013 643 0.082 
631 0.002 635 0.166 636 0.105 
    615 0.027 621 0.019 
605 0.028         
        579 0.025 
546 0.121 552 0.033     
  524 0.129 527 0.080 
        495 0.004 
        480 0.004 
    467 0.070 465 0.031 
        452 0.002 
    439 0.021 442 0.045 
        426 0.010 
    419 0.075 421 0.001 
    407 0.034 408 0.007 
        405 0.007 
        403 0.016 
    368 0.001 370 0.023 
    347 0.002 349 0.014 
    329 0.001 332 0.023 
        321 0.003 
    295 0.004 298 0.001 
    280 0.001 280 0.005 
        266 0.001 
        260 0.010 
    250 0.003 245 0.003 
        233 0.013 
    225 0.016 228 0.012 
    220 0.013     
        205 0.003 
    198 0.001     
        181 0.001 
    172 0.004     
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    163 0.005 166 0.024 
        136 0.002 
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Figure 1 Augelite 
 
 
 
 12
200300400500600700
Wavenumber /cm-1
In
te
ns
ity
IR
298K Raman
77K Raman
Augellite
 
 
Figure 2 Augelite 
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Figure 3 Augelite 
 
